This paper deals with finite element analysis of the soil-structure systems considering the coupled effect of elastic structure and materially nonlinear soil. The equations of motion of both soil and structure have been expressed in terms of displacement variable. The structure and the soil domain are treated as two separate systems. The solution of the coupled system is accomplished by solving the two systems separately and then considering the interaction effects at the soil-structure interface enforced by a developed iterative scheme. Emphasis has been laid on the study of material nonlinearity of the foundation material in the interaction analysis. The results show the pronounced effects of displacements and stresses for the structure when the foundation is assumed to be composed of nonlinear materials. A widely popular model called Duncan-Chang model has been used for representing nonlinear material behavior of soil/rock. In order to represent the semi-infinite nature of the foundation domain, the Lysmer-Kuhlemeyer boundary condition consisting of viscous dashpots have been used. Studies show the accuracy of the proposed algorithm, while comparing with the results reported in the literature.
Introduction
Considerable research has been conducted on the subject of dynamic analysis of structure-foundation system. The various numerical methods developed for the analysis of dynamic soil-structure interaction (SSI) problems can be classified into two main groups: the direct method and the substructure method. In the direct method, the structure and a finite, bounded soil region adjacent to the structure (near field) are modeled by the standard finite-element method and the effect of the surrounding soil (far field) is analyzed approximately by imposing transmitting boundaries along the near field/far field interface. In the substructure method, the soil-structure system is divided into two substructures. Here, a portion of the soil region may be considered as a part of the structure system. These substructures are connected by the general soil-structure interface and the interaction force for the combined soil-structure interface is calculated considering the contribution of free field analyses and the reaction of the unbounded soil on the general soil-structure interface.
The transmitting boundaries or non reflecting boundary conditions (NRBC) are required if one wishes to use exclusively FEM to simulate the semi-infinite soil region. There are two main types of NRBCs: approximate local NRBCs and exact nonlocal NRBCs. The first local boundary indeed the first transmitting boundary was proposed by Lysmer and Kuhlemeyer (1969) . It is also known as viscous or absorbing boundary since it places viscous dashpots at the boundary to absorb the energy of the traveling waves. Zhao and Liu (2003) used operator splitting method to derive an exact NRBC on the truncated boundary of the computational domain in time domain.
Boundary element method has also been widely used to tackle SSI problems. In this method, only the boundaries of the unbounded medium are discretized so that the spatial dimension is reduced by one and the radiation condition is satisfied automatically as a part of the fundamental solution (Zienkiewicz et al., 1977; Estorff and Kausel, 1989) . However, it is not very easy to derive the fundamental solutions for many types of problems. Wolf and Song (1996) developed the scaled boundary element method (also known as consistent infinitesimal finite element cell method). This method is exact in radial direction and converges to the exact solution in the finite element sense in the circumferential direction. Bettes (1977) introduced infinite elements, which may be considered to be a natural extension of finite elements to treat infinite domains. Since then, many researchers including Valiappan and Zhao (1992) , Khalili et al. (1997) have successfully used infinite elements to model wave propagation problems in infinite domains. This approach requires modeling the near field by FEM and the far field by infinite elements. Felippa and Park (1980) discussed in detail, staggered solution procedure for a variety of coupled field dynamic problems. Direct solution methods of coupled field problems suffer from the need of excessive storage requirements and computation time. The staggered solution schemes allow us to use reduced matrices for the particular subsystem leading to less time for solution. Maity and Bhattacharya (2003) suggested an iterative scheme in conjunction with the staggered solution procedure for the dam-reservoir interaction problems. However, the staggered approach should be used with great care, since its stability is conditional on the size of time step. If a corrective iteration at each time step is employed, where the interface boundary conditions are iteratively updated until convergence is achieved, one obtains an iterative coupling method. Within the iteration procedure at every time step, a relaxation operator may be applied to the interface boundary conditions in order to enable or speed up convergence. Jahromi et al. (2007 Jahromi et al. ( , 2009 ) used partitioned analysis technique involving iterative coupling procedure for solving different soil-structure interaction problems. Degroote et al. (2010) demonstrated that only an approximate Jacobian is needed, as long as it describes the reaction to certain components of the error on the interface's position. Based on this insight, a quasi-Newton coupling algorithm with an approximation for the inverse of the Jacobian (IQN-ILS) has been developed.
Nonlinear SSI analysis for a structure embedded in a half space for a vertical earthquake excitation was carried out by Wolf and Darbre (1986) . Wolf and Obernhuber (1985) used indirect boundary element method which involves Green's function in time domain for nonlinear SSI analysis for a surface foundation. Abouseeda and Dakoulas (1998) used a combined FE-BE formulation to represent nonlinear seismic soil-structure interaction in two dimensions in dam-foundation coupled problems. Estorff and Firuziaan (2000) developed a coupled BEM-FEM technique for nonlinear dynamic soil-structure interaction problems.
In this paper, a time domain staggered solution approach with iterative scheme has been used to solve dynamic dam-foundation interaction problems. This method performs all the calculations in time domain in contrast to the most of the substructure techniques. The substructure techniques, while computing the interaction forces require evaluating the convolution integrals which are computationally very demanding and complex processes (Wolf 1985) . It doesn't require calculation of the free field motion of the foundation as is required by the substructure method and all the calculations are performed in terms of the absolute displacements. The advantage of this staggered solution procedure is that there is no need to calculate the coupled mass, damping and stiffness matrices which appear in direct coupling equations of interaction problems. Viscous dashpots have been placed at the boundaries of the foundation domain. For characterizing the behaviors of geologic materials, a popular elastic, nonlinear model namely Duncan-Chang (1970) model has been used with satisfactory results.
Theoretical Formulation

Modeling of Dam:
In the present work, Koyna concrete gravity dam has been chosen as the structure. As the dam is a structure having a much extended length in the longitudinal direction, the state of the stress and the strains inside the dam body can be effectively analyzed through the plane strain idealization. The dam body is considered to be homogenous and isotropic. 
Modeling of foundation:
In the present work, the foundation material is assumed to be of rock in nature. A nonlinear elastic constitutive model has been chosen to simulate the stress vs. strain behavior of soil/rock which is nonlinear in nature. A popular model for geo-materials namely Duncan-Chang (1970) model has been adopted for the purpose of analysis. For this model, the tangent modulus is given by However, for the present analysis, only the Young's modulus of the rock material was varied according to eq. (3). The Posisson's ratio was kept constant throughout the analysis. The value of failure ratio was taken to be 0.80 (Bose and Das, 1997) .
Modeling of Reservoir:
Figure 1. Geometry of the Reservoir Domain Figure 1 describes the geometry of dam and adjacent reservoir. Assuming the reservoir water to be inviscid and incompressible and its motion to be of small amplitude, the governing equation for hydrodynamic pressure is as follows (Westergaard, 1933) :
Here, i.
The bottom of the fluid domain is horizontal and rigid. ii.
The fluid-structure interface is vertical. iii.
The fluid domain extends to infinity and its motion is two dimensional. 
The hydrodynamic pressure on the dam has been calculated using eq. (6).
Viscous or absorbing boundary:
A way to eliminate waves propagating outward from the structure is to use Lysmer boundaries. This method consists of simply connecting dashpots to all degrees of freedom of the boundary nodes and fixing them on the other end ( Figure 2 ). Lysmer boundaries are derived for an elastic wave propagation problem in a one-dimensional semiinfinite bar. The damping coefficient C x of the dash pot equals
where A is the cross sectional area of the bar, ρ is the mass density and c the wave velocity that has to be selected according to the type of wave that has to be absorbed (shear wave velocity s c or compressional wave velocity p c ). In two dimensions, eq. (8) takes the following form, which results in dampers coefficients n C and t C in the normal and tangential directions. 
Where G is the shear modulus of the medium and is expressed as
Here E is the Young's modulus and ν is the Poisson's ratio. This procedure leads to the frequency independent boundary conditions that are local in time and space. If the shape functions of the neighboring finite elements are used instead of crude lumping procedure, a narrow banded damping matrix arises, which is also easy to implement.
However, in general, the directions of the incident waves are not known in advance. In these cases, it may be advantageous to use a 'diffused' version of expression (9) and (10) as suggested by White et al. (1977) . Assuming that wave energy arrives at the boundary with equal probability from all directions, effective factors A 1 and A 2 are evaluated by minimizing the ratio between the reflected energy and the incident energy over a range of incident angles. For an isotropic medium this results in
( 1 5 ) which gives slightly better over-all efficiency than the original approach (Lysmer and Kulhemeyer, 1969) . The value of S in eq. (14) and eq. (15) is given by
These local viscous dampers represent the exact solution for P-and S-waves which impinge at a right angle on the artificial boundary. They are approximate for inclined body waves, whereby the reflected energy is only a small part of the total energy (Lysmer and Kuhlemeyer, 1969) . In many cases, the farther one chooses the artificial boundary to be from a source which radiates waves, the more the angle of incidence with respect to the artificial boundary will approach 90 o . In this way, the viscous dampers will perform better. The same applies as the frequency of excitation becomes higher.
Iterative scheme for SSI problems:
The equations of motion for dam and foundation system are written separately as follows: The damping matrix C has been assumed to be the Rayleigh damping matrix and is constructed as a linear combination of M and K matrices as follows:
The Rayleigh damping parameters α and β are calculated from the following formulae: Where ω = frequency of earthquake excitation and n ω = natural frequency of the structure.
The matrices (17) is solved first with the applied load d f considering dam to be fixed at the bottom. The exerted forces give rise to reaction forces at the common nodes of dam-foundation interface. The reaction forces generated at the common interface nodes of structure and foundation are then applied in the opposite direction at the common nodes of the foundation system to solve eq. (18) at the same time instant t. These reaction forces applied in the opposite direction for the foundation part is termed as if f .
After solving the foundation part against the applied load of ( if f f f + ), the common interface nodes for the foundation part will undergo some displacement. These displacements are then fed into eq. (17) i.e. the structural analyzer (eq. 17) in the next instant of time ( t t Δ + ) or 1 + i t as the known displacements at the common interface nodes of dam and foundation. Subsequently, the response of the dam needs to be solved again with the changed boundary conditions which will be different from the earlier step. In this way iterations are continued for a particular time step t until the displacements and stresses for both the dam and foundation part are found to be converged with a certain level of tolerance. The displacements (x) of both the domain at a particular time step are assumed to be converged if the following relationships are satisfied: Here, i is the number of iteration, ε is a small pre-assigned tolerance value and t is a particular time instant. Thus this iteration process goes on until the displacements and stresses between two successive iterations converge in both the dam and foundation domain. The value of ε used in the present analysis is 0.01. Figure 4 . In the flowchart, 0 t stands for the initial time step and n t stands for the final time step. The term t Δ represents the time step of the implicit-explicit Newmark's method used for the numerical integration of the dynamic equation of motion. The most costly operation involved in the above algorithm is to successively solve two separate systems of equations at each iteration. But in the present case, matrices involved in the solution of the system equations are decomposed into triangular forms at the beginning of the iteration, and thereby only two forward-eliminations and backward substitutions are required at each iteration step. In this way, the time required to obtain the coupled response for a particular time instant is minimized in the developed iterative scheme.
Numerical Results
Validation of proposed algorithm:
In order to validate the proposed algorithm, a concrete gravity dam -foundation prototype resting on rock foundation was analyzed. The same dam-foundation interaction problem has been previously analyzed by Yazdchi et al (1999) . While solving the dam-foundation interaction problem, the side nodes of the discretized finite elements in the foundation portions were considered to be rollers allowing only the horizontal movements and the bottom nodes were kept fixed. The dam and the foundation domain has been discretized using two-dimensional, plane strain, isoparametric finite elements. A 2 2× Gauss Integration rule was adopted for the calculation of both the stiffness matrix and the mass matrix. The dimensions of the dam prototype are depicted in Figure 5 
Selection of optimum mesh size:
To check the convergence of the results obtained for various mesh grading, a simplified section of the dam prototype (solved by Yazdchi et. al., 1999) has been chosen for the extensive analysis using finite element technique. The slope on the downstream face above the neck of the dam is also neglected in the present analysis. The dimension and the material properties of the dam in the present case are same as listed in section 3.1. The dam is discretized with 8-noded quadratic elements as shown in Figure 5 and is analyzed using plain strain formulation. A concentrated horizontal load of 1000 kN is applied at the crest of the structure and the static analysis is carried out considering the bottom nodes of the dam to be fixed. The structure is discretized with different mesh gradings and the convergences of results for the time periods and the crest displacements obtained for different discretizations. It is observed from the results that the solution converges sufficiently for a discretization of 7 × 4 (vertical × horizontal) mesh grading. But a higher mesh grading 10 × 4 was adopted for the analysis for the sake of increased accuracy.
Figure 5. The geometry of dam (Yazdchi et al, 1999)
For the foundation domain also, similar convergence analyses for mesh grading were carried out. A 1000 kN load was applied vertically downwards at middle of the surface of the foundation domain and static analysis was carried out. The width and the depth of the foundation part are considered to be 100.0 m and 50.0 m respectively. The bottom nodes were considered to be fixed in both directions. The side nodes at the truncated boundary were considered to be rollers allowing horizontal movements. The dashpots were modeled as described in section 2.4. It is observed that the result converges for a mesh grading of 12× 4.
Comparison of proposed model with published results:
Having arrived at a suitable mesh grading for both the dam and the foundation domain, an attempt was made to compare the results obtained using the proposed algorithm with the dam-foundation interaction problem solved by Yazdchi et al. (1999) . While doing so, suitable boundary conditions were applied at the truncated boundaries as well as at the bottom of the foundation domain and all the concerned nodes were fitted with dashpots. The Koyna earthquake acceleration is applied to the dam prototype with a scaling factor of 2.5. The earthquake acceleration data is presented in Figure 6 . Yazdchi et al. (1999) solved this problem by the coupled FEM-BEM method. They included the effect of viscous damping with a damping ratio of 0.05. Moreover, the effect of hydrodynamic pressure was incorporated in the analysis by the added mass concept proposed by Westergaard (1933) . The effect of wave scattering and reflection was tackled by coupled FEM-BEM method. When the same dam-foundation model is solved by the proposed iterative scheme in this paper, the effect of viscous damping and the hydrodynamic pressure is also considered in similar way. Also, initially the dam has been analyzed considering the effects of its self weight and the hydrostatic pressure which produced initial acceleration in the dam body. The horizontal extent of the foundation portion is arbitrarily truncated at a certain distance from both the upstream and the downstream face of the dam. The value of tolerance ε used in eq. 25 is 0.01. Also, the time interval used for solution of dynamic equilibrium equations (eq. 17 and 18) is 0.01 second. Different boundary conditions were tested on the dam-foundation coupled model. Firstly, the side boundary nodes are fully fixed as shown in Figure 7 (a). Then, these nodes are released and fitted with dashpots in both normal and tangential direction. The perpendicular dashpots to the boundary absorb the p-waves, whereas the dashpots tangential to the boundary absorb the s-waves. In these models, no displacement constraints are used. Therefore, the horizontal at rest earth pressure is applied at the boundary nodes situated at the both sides of the foundation domain. This is done by recording the reaction forces in the model with fixed boundaries and applying them with opposite sign to the model with absorbing boundaries.
This configuration of boundary conditions has no fixed point in x-direction. Because the dash pots only provide resistance to high velocity motions the model is very sensitive to low frequency components of the motion. The slightest imbalance in acceleration causes the entire model to move as a rigid body in x-direction (Preisig, 2002) . To avoid this, the node at the center of the base is fully fixed in the subsequent analyses.
Keeping the center node at the base of the foundation as fixed, two varieties of boundary conditions were tested. In the first case, all the bottom nodes were provided with rollers allowing only horizontal movements as shown in Figure 7 (b) and second, the boundary nodes at the bottom of the base were fitted with dashpots as shown in Figure 7 (c). However, in both these cases, the side nodes of the foundation domains were attached to dashpots in both normal and tangential directions. A detailed description of the use of dashpots can be found in the works by Preisig (2002) . Table 1 The nodes at the truncated boundary as well as at the bottom are provided with dashpots in both the horizontal and tangential direction. In spite of these anomalies with the original solution by Yazdchi et al. (1999) , the proposed model yields a similar displacement pattern of the horizontal displacement at the crest node though the magnitudes differed. In the present work, the hydrodynamic pressures at the upstream face of the dam are calculated from eq. (6). These hydrodynamic forces are applied on the upstream face of the dam. Table 1 shows the comparison between the results of Yazdchi et al (1999) and that of the proposed method for different E f /E d (impedance ratio) ratios. The maximum crest displacement of the dam under seismic excitation by both the method has been tabulated in Table 1 for comparison. The obtained displacements by the proposed interaction scheme are in very close agreement with the results obtained by Yazdchi et al (1999) . The slight discrepancy between the two results might be due to i) use of different methods and numerical tools for the solution of the coupled system and ii) different mesh sizes considered for the problem. Moreover it is observed that the results from the model where bottom nodes were provided with rollers are closer to that of Yazdchi et al (1999) compared to the results obtained from the model where the bottom nodes are also attached to dashpots. Therefore, in subsequent calculations, the bottom nodes of the foundation domain were provided with rollers except the center node which will remain to be fully fixed to prevent any type of rigid body translation.
Response of Koyna gravity dam-nonlinear foundation system:
The seismic response of Koyna dam has been investigated considering the interaction behavior of a linear concrete dam and a nonlinear, elastic foundation subjected to Koyna earthquake (1967) acceleration. The foundation material is assumed to be of hard rock. The width and the depth of the foundation are assumed to be 250.0 m and 100.0 m respectively. The geometry of the dam-foundation system chosen for the analysis purpose is shown in Figure 8 . The material properties of the dam are as follows:
The Young's modulus of dam body is assumed to be 3.15e+10 N/m 2 . The Poisson's ratio is taken to be 0.20 and the mass density is assumed as 2415.816 kg/m 3 . The Young's modulus of the foundation varied in each time step according to the relationship expressed in eq. (3) as proposed by Duncan-Chang model (1970) . In this way, the nonlinear nature of the stress-strain behavior of the foundation material is simulated. The material properties of the foundation are as follows:
The Young's modulus of foundation rock is considered to be 1.75e+10 N/m 2 . The Poisson's ratio is assumed as 0.2. The mass density of the foundation material is assumed to be 1800.0 kg/m 3 . The cohesion of the rock foundation is considered to be 547.22e+4 N/m 2 and angle of internal friction is taken as 61.93 0 .
Figure 8. The geometry and boundary condition of the Koyna dam-foundation system
The cohesion (c) and the angle of internal friction (φ ) were assumed according to the values considered by Owen and Hinton (1980) . Similar values for these parameters (for the foundation domain) were assumed while analyzing the response of a concrete gravity dam based on a rocky foundation.
In order to arrive at an optimum mesh grading for this particular problem, the response of the dam and the foundation domain under the action of a given load was found out. For the dam part, a 1000 kN load was applied horizontally at the top and the horizontal displacement of the crest node was observed. Also, the time periods of the dam for the first two modes were noted. It was observed that the results converged sufficiently for a mesh grading of 8 × 5. For the foundation domain, similar analyses were carried out applying a vertical point load of 1000 kN in the downward direction at the middle of the surface of the foundation. The displacement at the point of application of the load and the time periods for the first two modes were observed. It was observed that the results converged for a mesh size of 15× 5 with sufficient degree of accuracy. However, the results for this analysis are not provided here as they are similar in nature with those of the previous analysis of dam-foundation prototype solved by Yazdchi et al (1999) . Figure 9 shows the comparison between the results of the interaction analyses if the material nonlinearity of the foundation material is considered. It is seen that with the already stated cohesion value of 547.22e+4 N/m 2 and angle of internal friction of 61.93 0 , there is almost little or no variation between the magnitudes of horizontal crest displacement between linear and nonlinear case. If the foundation material is considered to be linear, elastic, then the maximum and minimum horizontal crest displacements are found out to be 7.04 cm and -7.21 cm respectively. If the foundation material is modeled with Duncan-Chang model with the above-mentioned material properties, then the interaction analysis produces maximum and minimum displacements of 7.07 cm and -7.26cm respectively. Therefore a variation of 0.43% and 0.69% were observed between the results of two cases. Because of such little variations, the material properties of the foundation were changed in order to exaggerate the effect of nonlinearity of the foundation material. For further analyses, the cohesion and the angle of internal friction of the foundation material were considered to be 150.0e+4 N/m 2 and 40.0 0 respectively. Figure 10 shows the comparison of interaction analyses with dam and linear/nonlinear foundation material with changed material properties. In this case, the interaction analysis with nonlinear material properties produced maximum and minimum crest displacements as 8.18 cm and -8.02 cm. Therefore, a variation of 16.19% and 11.23% were observed with the results of linear foundation material properties. Figure 11 shows the variation of major principal stress vs time for dam and linear/nonlinear foundation interaction analyses plotted at point 'O' as shown in Figure 8 . The maximum values were observed to be 15.30 MPa and 16.45 MPa respectively for interaction analyses of dam with linear and nonlinear foundation material. For nonlinear analysis, the major principal stress was observed to rise by 7.52% compared to the case where foundation material was assumed to be linear, elastic. Figure 12 shows the variation of minor principal stress vs time for dam and linear/nonlinear foundation material obtained at node 'O' as shown in Figure 8 . The maximum values of principal stress were observed to be -14.50 MPa and -15.90 MPa respectively for interaction analyses of dam and foundation with both linear and nonlinear material properties. Therefore, for nonlinear case, an increase of 9.66% in the magnitude of minor principal stress was noticed. 
Conclusions
The present paper illustrates a simple iterative method for the dynamic analysis of nonlinear soil-structure interaction problems considering a concrete gravity dam situated on rock foundation. The two individual systems, i.e., dam and foundation are solved separately and the interaction effects are incorporated through an iterative procedure. The iterative method breaks the whole system into two separate sub-systems. As a result, the corresponding matrices are much smaller and consequently takes lesser time for solution of individual system. The proposed method is validated from the literature which shows the accuracy of the developed algorithm. The Koyna dam-foundation system has been analysed against Koyna earthquake acceleration. The effect of hydrodynamic pressure on the dam body has been included in the dynamic analysis of dam-foundation coupled system. The nonlinear nature of the foundation material is simulated by considering Duncan-Chang model. It is clear that consideration of nonlinear material behavior of the foundation domain produces higher response (displacements and stresses) compared to the case when the foundation is assumed to be linear and elastic. Therefore, when the structure is massive like dam and is being excited by seismic forces, it is always advisable to carry out non-linear foundation-dam interaction analysis to obtain accurate behavior of the coupled system. 
